The high mobility group factor NUPR1, also known as p8 and com1, plays a role in temporal expression of the beta subunit of luteinizing hormone, LHB, during gonadotroph development. At Embryonic Day (e) 16.5, LHB is detectable in wild-type (Nupr1
INTRODUCTION
The gonadotropins, luteinizing hormone (LH) and folliclestimulating hormone (FSH), play a pivotal role in controlling reproductive development and function in mammals [1] [2] [3] . These hormones are heterodimeric proteins composed of the aglycoprotein subunit (CGA, product of the Cga gene, also known as aGSU), which is common to all members of the glycoprotein class of hormones, and a unique b subunit (LHB, product of the Lhb gene, or FSHB, product of the Fshb gene) that confers biological specificity. The synthesis and secretion of LH and FSH is performed by gonadotrophs, which make up 8%-12% of cells in the anterior pituitary gland [1] [2] [3] . Binding of the hypothalamic neurohormone gonadotropin-releasing hormone (GnRH) to specific, high-affinity GnRH receptors on gonadotrophs elicits a cascade of intracellular events culminating in an increase in the production of the gonadotropins. Once released from the gonadotroph, LH and FSH activate their receptors in the gonads, enhancing steroidogenesis and gametogenesis [1] [2] [3] .
Early in pituitary development, multiple molecular gradients establish overlapping expression patterns of signaling molecules that allow for commitment, positional determination, and differentiation of pituitary cell types [4, 5] . For example, a ventral-to-dorsal BMP2 gradient induces expression of the GATA2 transcription factor in a corresponding gradient, highest in the location of presumptive thyrotrophs and gonadotrophs [6] . High levels of GATA2 in the most ventral aspect of the gland restrict Pou1f1 (also known as Pit1) gene expression. In the absence of PIT1, cells are destined to the gonadotroph lineage. In the presence of both PIT1 and GATA2, cells become thyrotrophs. In contrast, the absence of GATA2 dorsally allows for differentiation of PIT1-positive cells to somatotroph and lactotroph fates [6] . Synthesis and secretion of gonadotropins does not occur until well after GnRH receptors and CGA are expressed because precursor gonadotrophs are unable to express the b subunits [7] . Thus, formation of mature LH and FSH represent some of the final stages of gonadotroph maturation.
While many of the events involved in commitment of a pituitary cell to the gonadotroph lineage have been characterized, the full scope of factors required for maturation to cells capable of expressing LHB and FSHB has yet to be identified. To address this, we utilized RT-PCR differential display of cell lines representing two stages of gonadotroph development to identify factors that may be necessary for transition to a fully mature gonadotroph [8] . One clone whose mRNA was 1 Supported by a Research Starter Grant in Pharmacology/Toxicology from the Pharmaceutical Research and Manufacturers of America (PhRMA) Foundation awarded to C.C.Q. and a Predoctoral Fellowship from the Greater Midwest Affiliate of the American Heart Association awarded to C.M.M.P. 2 Correspondence: Christine C. Quirk expressed at higher levels at the later stage of gonadotroph development was Nupr1, also known as p8 and candidate of metastasis 1 (com1). NUPR1 is a small protein, 80 amino acids in length [9] , that shares biochemical homology with high mobility group (HMG) A proteins [10] . NUPR1 was originally identified as a pancreatic factor that promotes cell growth [11] , and its expression is induced by stress in a number of tissues [12] [13] [14] [15] . Aberrant expression of NUPR1 has been linked to a variety of pathologies, including cancers of the breast [16] , pancreas [17, 18] , thyroid [19] , and pituitary gland [20] . We have found that NUPR1 is required for Lhb promoter activity and GnRH responsiveness in gonadotroph-derived LbT2 cells [8] . In addition, Nupr1 mRNA is expressed 1 day prior to the initiation of Lhb mRNA in developing wild-type (Nupr1 þ/þ ) mouse anterior pituitary glands. Nupr1 mRNA is not detectable in adult gonadotrophs, and NUPR1 may, as such, represent a stage-specific component of the gonadotroph transcriptome important for initiation of Lhb gene expression during cellular specification.
Numerous mouse models have shown that the absence of LHB, LH signaling, and the inability of gonadotrophs to function normally impacts reproductive function [3] . For example, mice harboring a spontaneous mutation in the GnRH gene [21] , as well as those harboring a transgene that causes targeted ablation of gonadotrophs [22] , are viable but hypogonadal. Likewise, disruption of the gene encoding the LH receptor is associated with hypogonadism [23] . Since NUPR1 is necessary for Lhb gene expression in vitro in gonadotroph-derived cells [8] , our goal was to determine the role of NUPR1 on LHB expression, gonadotroph development, and reproductive function in vivo. Using the Nupr1 knockout mouse line (Nupr1 -/-, Mouse Genome Informatics targeted mutation Nupr1 tm1Jlio ), we have found that loss of Nupr1 leads to delayed LHB expression, delayed ovarian maturation, and testicular development of a Sertoli-cell-only syndrome (SCOS)-like phenotype.
MATERIALS AND METHODS

Mouse Care and Embryo and Tissue Collection
All procedures were approved by the Institutional Animal Care and Use Committee at Indiana University and were in compliance with the principles and procedures outlined in the NIH Guidelines for the Care and Use of Experimental Animals.
Nupr1 -/-mice were created as described by Iovanna and colleagues [24] and maintained by heterozygote mating in order to obtain Nupr1 þ/þ littermate controls for Nupr1 -/-animals. In embryo collection, noon on the day of copulatory plug detection was designated as Embryonic Day (e) 0.5. Embryos were collected at e13.5 through e18.5 and Postnatal Days (p) 1 and 2. Appropriately aged embryos were decapitated and fixed in 4% paraformaldehyde for 24 h (e13.5-e18.5) or 2 wk (p1 and p2) before being paraffin embedded. DNA for genotyping was prepared from the hind limb and/or tail of each embryo using DirectPCR (Tail) lysis reagent (Viagen). Genotyping was performed as previously published [24] .
Male animals used in the longitudinal tissue study were grouped by ages 2-10 mo in 2-mo increments. Female animals used in the study were grouped by ages 8-12 wk in weekly increments and 4-10 mo in 2-mo increments. At designated ages, animals were killed by CO 2 asphyxiation. Pituitaries and gonads were collected from all animals. Tissues were fixed overnight, paraffin embedded, and sectioned as described previously. Gonad sections were stained with hematoxylin and eosin according to standard laboratory protocols. Pathological evaluation was carried out on multiple sections per organ, and the examiner remained blind to genotype.
Immunohistochemistry
To generate the polyclonal anti-NUPR1 antibody (named NUPR1 3157) used in this study, a rabbit was injected with a peptide corresponding to NUPR1 amino acids 41-58, NH 2 -(GC)GRKGRTKREAAANTNRPS-COOH. Ten weeks following the initial inoculation, the animal was exsanguinated, and antibody was affinity purified from serum according to standard protocols of Biosynthesis, Inc.
Tissue sections were deparaffinized, rehydrated, boiled in 0.1 M citrate (pH 6.0) for 15 min, and incubated in 1% hydrogen peroxide for 10 min. All sections were incubated in a humidified chamber for 20 min at room temperature in a blocking solution containing 13 PBS, 5 mg/ml BSA, and 50 ll/ml normal goat serum (Jackson ImmunoResearch Laboratories). Sections were then incubated in the following primary antibodies diluted in 5 mg/ml BSA in PBS at 48C for 48 h: guinea pig anti-rat LH (National Hormone and Peptide Program; 1:500), rabbit anti-rat LH (National Hormone and Peptide Program; 1:500), rabbit anti-rat FSH (National Hormone and Peptide Program; 1:500), goat anti-rat NUPR1 (Santa Cruz Biotechnology; 1:100), rabbit anti-NUPR1 3157 (1:100), CGA (National Hormone and Peptide Program, 1:1000), GATA2 (Santa Cruz Biotechnology, 1:100), TSH (National Hormone and Peptide Program, 1:1000), POMC (Santa Cruz Biotechnology, 1:100), and aMSH (Chemicon International, 1:50). Sections were washed, then incubated with the following secondary antibodies at room temperature for 1 h: fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit (Jackson ImmunoResearch Laboratories; 1:1000), Texas Red-conjugated goat anti-guinea pig (Jackson ImmunoResearch Laboratories; 1:1000), or Texas Red-conjugated donkey anti-goat (Jackson ImmunoResearch Laboratories; 1:500). For all antibodies used, a secondary antibody-only control was performed to ensure the specificity of the signal.
Image Analysis
To analyze LH and FSH content in pituitaries, images were taken with a Nikon Eclipse 80i Fluorescence Microscope using FITC and Texas Red filter sets and a SPOT camera with digital imaging system (Diagnostic Instruments, Inc.). Images of embryonic and adult pituitaries were taken at 1003 and 4003 magnification, respectively. Metamorph software (Molecular Devices Corporation) was used to generate standard area counts, measured as average pixel density per field. All quantifications were performed blindly. For each pituitary, 60 randomly chosen fields were collected and analyzed from two tissue sections on each of five slides. A third section on each of the five slides served as a no-primary control for which the staining was normalized. Pixel density was averaged for each animal.
To analyze male seminiferous tubules for the presence of SCOS, images were taken as described previously but at 1003 magnification. Five Nupr1
and Nupr1 -/-littermates were analyzed at each age, 2-10 mo. Three slides were selected throughout the testes, with a total of 24 fields per animal analyzed. On each field, the number of seminiferous tubules containing only Sertoli cells was normalized to the total number of seminiferous tubules counted in the cross section. Values were averaged for each animal, and quantifications were performed blindly. For analysis of female sexual maturity, five Nupr1 þ/þ and Nupr1 -/-littermates' ovaries at each age, 8-12 wk, were analyzed by a pathologist blindly for the presence of corpora lutea (CL). To determine whether stages of folliculogensis were altered in Nupr1 -/-mice, five Nupr1
and Nupr1 -/-littermate ovaries from each age, 8 wk through 10 mo, were analyzed for the presence of primary, secondary, and tertiary follicles. Tertiary follicles were counted on a central section from each 8-12-wk ovary, and CL were counted on a central section from each 11-wk to 10-mo ovary.
Measure of Nupr1 Expression by Quantitative RT-PCR
Livers (n ¼ 3), pancreas (n ¼ 4), testes (n ¼ 4), and ovaries (n ¼ 8) were collected from adult Nupr1 þ/þ mice, snap frozen in dry ice, and stored at À808C until RNA harvest. Analysis of Nupr1 expression was carried out using RT-PCR essentially as described [25] . Total RNA was extracted using TRIzol reagent (Invitrogen, Inc.) according to protocols provided by the manufacturer. Samples were rinsed with PBS and sonicated in TRIzol. Reverse-transcription reactions were carried out using 1 lg total RNA. The RNA was first denatured for 3 min at 708C, then chilled on ice, and the remaining reagents were added such that the reaction contained 13 reverse transcriptase buffer, 1 mM MgCl 2 , 0.5 mM dNTPs, 0.5-1 ll RNase inhibitor (Promega), and 100 pmol random hexamers and comprised a volume of 60 ll. The primers were allowed to anneal to the RNA at room temperature for 5-10 min. Finally, 200 U SuperscriptRT (Invitrogen, Inc.) were added, and the reactions were incubated for 60 min at 378C. The RNA template was degraded by incubation with 1 lg of RNase A at 378C for 15 min. When expression was to be quantified by quantitative PCR, the reaction was diluted 6-fold, and 1 ll of the diluted RT was used as template for each qPCR.
Quantitative PCR was performed utilizing the Mx3005P PCRmachine (Stratagene). Fluorescence detection chemistry involved utilization of SYBR green dye master mix (BioRad). The qPCR primers were HPLC purified 24-mers composed of no more than 50% G-C content. Primers used for mus musculus Nupr1 were forward 5 0 -CTAGAGGATGAAGATGGAATCCTG-3 0 , LOSS OF NUPR1 LEADS TO REPRODUCTIVE ABNORMALITIES 599 reverse 5 0 -GGGTGTGATGTCCTGTATCCATTG-3 0 ; Mus musculus housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) sequences were forward 5 0 -GACAATGAATACGGCTACAGCAAC-3 0 and reverse 5 0 -GTGCAGCGAACTTTATTGATGGTA-3 0 . Optimal primer concentrations were determined using a 5-fold reciprocal dilution series starting with a final primer concentration of 50 nM and ending with 250 nM. For quantification, standard curves utilizing a 5-fold dilution series (from 25 to 0.04 ng RNA input equivalents) were performed for each primer pair. Each reaction consisted of optimal primer concentrations (generally found to be 150 nM for each primer), SYBR green master mix, and an amount of RT reaction consisting of approximately 2.5 ng input RNA from the RT reaction. All qPCR reactions were carried out in triplicate and used a 40-cycle reaction with the following time and temperature parameters: 958C for 30 sec, 628C for 30 sec, and 728C for 30 sec. Melting-curve analysis of all products demonstrated a single peak, indicating that each set of primers produced a single product. Each RT reaction was equalized for RNA input by assessing the level of expression of the relatively invariant housekeeping gene Gapdh. To determine quantitative values, standard curves were generated with each primer pair using a 5x dilution series ranging from 16.7 to 0.027 ng RNA equivalents from an RT. Expression of Nupr1 gene expression was normalized to the level of Gapdh.
Breeding Study
Nupr1
þ/þ and Nupr1 -/-animals were set up as breeding pairs in the combinations indicated in Supplemental Table S1 (available at www. biolreprod.org). Females were monitored daily for the appearance of vaginal plugs. The birth date and size of each new litter were recorded. Breeding pairs were left intact in the same cage with minimal disturbance for the duration of the study.
Statistical Analysis
For all analyses, statistical significance was assessed by t-test, and P , 0.05 was considered statistically significant. In figures, bars bearing different letters are significantly different.
RESULTS
NUPR1 Localizes to Developing Gonadotrophs
In these studies, we utilized two NUPR1 antibodies, one commercially available and one we created, named NUPR1 3157. We have previously shown that Nupr1 mRNA is present in the murine pituitary gland at e17.5 [8] . To confirm specificity of the NUPR1 antibodies in immunohistochemistry, we compared NUPR1 protein localization at e17.5 in Nupr1
and Nupr1 -/-mouse pituitary glands. As expected, NUPR1 localized to the ventral aspect of the developing pituitary gland in Nupr1 þ/þ mice; however, staining was absent in Nupr1 -/-mice ( Fig. 1a) . Similar results were obtained with both NUPR1 antibodies. Images shown were obtained using the NUPR1 3157 antibody. Nupr1 mRNA [8] and NUPR1 protein localize to the ventral aspect of the developing pituitary gland, the region from which gonadotrophs arise. To determine whether NUPR1 expression in the anterior pituitary is specific to gonadotrophs, embryonic pituitaries from Nupr1 þ/þ mice were coimmunostained for NUPR1 and LHB, a gonadotroph marker (Fig. 1b) . At e17.5, there is nearly perfect overlap of cells immunostained for NUPR1 and LHB, indicating that NUPR1 localizes to gonadotrophs during anterior pituitary gland development.
NUPR1 Is Expressed in Gonadotrophs by e14.5
We have shown that NUPR1 protein is expressed in developing gonadotrophs at e17.5 (see Fig. 1b) . However, the temporal pattern of NUPR1 protein expression in the developing pituitary gland was unknown. To address this, we collected Nupr1 þ/þ litters from e13.5 through p2 and immunostained for NUPR1 (Fig. 2) . At e13.5, NUPR1 is undetectable in the developing pituitary. By e14.5, however, NUPR1 is expressed in the ventral aspect of the developing pituitary gland, in the area of presumptive gonadotrophs. NUPR1 expression continues in the ventral pituitary through embryonic development. By p2, NUPR1 expression is Early in pituitary development, it appears that NUPR1 expression is limited to presumptive gonadotrophs. However, by e17.5, NUPR1 expression becomes apparent in the area dorsal to Rathke's pouch. While NUPR1 expression in gonadotrophs decreases following e17.5 and is undetectable by p2, NUPR1 expression in the dorsal pituitary increases during this period. In fact, by p2, NUPR1 appears to be localized solely to the area of the developing intermediate lobe, the site of presumptive melanotrophs. Thus, while it appears that NUPR1 is a gonadotroph-specific factor early in pituitary development, it may later play a role in maturation of melanotrophs in the intermediate lobe.
Temporal Expression of LHB Is Delayed in Nupr1
-/-Mice Diminution of Nupr1 in gonadotroph-derived LbT2 cells decreases expression of the endogenous Lhb gene and activation of a transfected Lhb promoter construct [8] . In addition, NUPR1 is expressed in developing gonadotrophs at the time when LHB is first expressed. To determine whether loss of Nupr1 has an impact on expression of LHB in vivo, we compared LHB immunostaining in Nupr1 þ/þ and Nupr1 -/-mice during embryonic and early postnatal development. As expected, LHB is undetectable in pituitaries of Nupr1 þ/þ and Nupr1 -/-mice at e15.5 ( Fig. 3) . At e16.5, however, LHB is present in pituitaries of Nupr1 þ/þ mice of both sexes but not Nupr1 -/-animals. While LHB is first detectable at e17.5 in
Nupr1
-/-mice, levels appear to be less than Nupr1
littermates. By p2, levels of LHB appear similar in Nupr1
and Nupr1 -/-males and females. Therefore, loss of Nupr1 leads to a delayed but recoverable LHB expression. þ/þ and Nupr1 -/-female littermates from 2 through 10 mo of age (P . 0.05). Representative images and the quantification of average pixel density from fluorescence immunohistochemistry in 2-and 10-mo females are shown. Pixel density is normalized such that Nupr1 þ/þ levels equal 1.0. Images were taken at 3400 magnification. Error bars indicate standard deviation.
FIG. 3. Temporal expression of LHB is delayed in
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Loss of Nupr1 Does Not Impact FSHB Expression or Overall Pituitary Development
Loss of Nupr1 results in delayed expression of LHB in developing gonadotrophs. It is possible that this delay results from an overall delay in pituitary gland development. To address this, we assessed levels of three factors indicative of pituitary maturation: CGA, GATA2, and TSH. CGA and GATA2 are important for maturation of both gonadotrophs and thyrotrophs, while TSH expression is restricted to thyrotrophs. At e17.5, a time when LHB expression is decreased in gonadotrophs of Nupr1 -/-mice, expression patterns of CGA, GATA2, and TSH are not altered in comparison to Nupr1 þ/þ littermates (Fig. 4) . In addition, loss of Nupr1 does not alter expression of the second gonadotropin, FSHB (Fig. 5) . FSHB is not present at e16.5 in pituitaries of Nupr1 þ/þ or Nupr1 -/-mice. However, from e17.5 through p2, comparable levels of FSHB are observed. These data indicate that the loss of Nupr1 does not impact overall pituitary development or global gonadotropin expression. Rather, the role of NUPR1 in the developing gonadotroph appears specific to regulating proper temporal initiation of LHB expression. By p2, NUPR1 is expressed at high levels in the developing intermediate lobe, the site of presumptive melanotrophs. Like corticotrophs of the anterior pituitary, these cells cleave the precursor peptide proopiomelanocortin (POMC) into a variety of small peptide hormones [26] . The major hormone produced by melanotrophs is a-melanocyte-stimulating hormone (aMSH). At p2, expression of POMC and aMSH appear similar in the pituitaries of Nupr1 þ/þ and Nupr1 -/-mice (see Supplemental Figure S1 available at www.biolreprod.org), indicating that loss of Nupr1 does not impact production of either peptide at this time.
Male Nupr1
-/-Mice Have Increased Pituitary Gonadotropin Content at 10 Mo of Age Loss of Nupr1 results in a delay in LHB but not FSHB expression in developing gonadotrophs. To determine whether NUPR1 influences gonadotropin expression in adult mice, we stained for LHB and FSHB in Nupr1 þ/þ and Nupr1 -/-male and female pituitaries from 2, 4, 6, 8, and 10 mo of age. Quantification of LHB and FSHB staining indicates no significant difference in pituitary concentrations of either gonadotropin in Nupr1 þ/þ and Nupr1 -/-females (Fig. 6 ) or males (Fig. 7) at 2 mo of age (P . 0.05). In females, LHB and FSHB levels remain similar through 10 mo of age (Fig. 6) . In contrast, levels of LHB and FSHB are significantly greater in pituitaries of 10-mo male Nupr1 -/-mice than Nupr1
littermate controls ( Fig. 7 ; P , 0.05). 
LOSS OF NUPR1 LEADS TO REPRODUCTIVE ABNORMALITIES
Nupr1 Is Expressed in Ovaries and Testes at High Levels
Nupr1 is expressed in a variety of tissues, including the liver and pancreas, especially under stress [11, 12, 15, 27] . However, the role of NUPR1 in the gonads has not been investigated. To determine whether Nupr1 is expressed in the gonads, we examined the levels of Nupr1 mRNA in adult Nupr1 þ/þ testes and ovaries via qPCR. For reference, we included corresponding Nupr1 þ/þ liver and pancreas samples. Nupr1 mRNA is detectable in all samples, and its expression in the pancreas is approximately 3-fold greater than the liver (Fig.  8) . Expression of Nupr1 in the gonads is significantly greater than in the liver and pancreas (P , 0.05). Since its mRNA is expressed at high levels in both ovaries and testes, NUPR1 may play an important role in these tissues.
Loss of Nupr1 Delays Female Sexual Maturation
Nupr1 is expressed at high levels in the ovaries of adult mice. To determine whether NUPR1 plays a role in ovarian function, we collected ovaries of Nupr1 þ/þ and Nupr1
littermates at a variety of ages and examined them for phenotypic differences. All ovaries at each age, 8 wk through 10 mo, contained primary, secondary, and tertiary follicles. At 8 wk of age, all (5/5) Nupr1 þ/þ females are sexually mature, as defined by the presence of a CL (Fig. 9) . However, at this age, no (0/5) Nupr1 -/-female ovaries contain CL. The timing of sexual maturity is variable in Nupr1 -/-mice at 9 (2/5) and 10 (1/5) wk of age, but by 11 and 12 wk, all Nupr1 -/-ovaries contain CL. The number of tertiary follicles is not altered in Nupr1 þ/þ and Nupr1 -/-littermate ovaries from 8 through 10 wk of age (see Supplemental Figure S2a ), indicating that young Nupr1 -/-females may have an ovulatory defect. This defect does not persist into adulthood, as Nupr1 þ/þ and Nupr1 -/-littermate ovaries of sexually mature animals, 11 wk through 10 mo, contain similar numbers of CL (see Supplemental Figure S2b ). Nupr1 þ/-animals are fertile [24] , but no study on the fertility of Nupr1 -/-animals had been previously reported. To address this, we conducted a small breeding study to determine whether fertility defects exist in the absence of Nupr1 (see Supplemental Table S1 ). Nupr1 -/-animals are fertile and produce litters of similar size and frequency as Nupr1 þ/þ animals.
Male Nupr1
-/-Mice Develop a Phenotype Similar to SCOS Nupr1 -/-animals are fertile. However, loss of Nupr1 results in delayed female sexual maturation. To determine whether this was also the case in males, we collected testes of Nupr1 þ/þ and Nupr1 -/-littermates at 2, 4, 6, 8, and 10 mo of age. No differences in testicular morphology were observed in young Nupr1 þ/þ and Nupr1 -/-mice; through 8 mo of age, testes of both genotypes appear similar. However, by 10 mo of age, male Nupr1 -/-mice develop a phenotype in which a significant
Nupr1 is expressed in ovaries and testes at high levels. Quantitative PCR analysis for Nupr1 was performed on mRNA obtained from livers, pancreases, ovaries, and testes of Nupr1 þ/þ adult mice. Nupr1 expression is normalized to the housekeeping gene Gapdh, and the graph is normalized such that Nupr1 levels in liver equal 1.0. Nupr1 expression is significantly greater in the ovaries and testes than liver and pancreas. Bars bearing different letters are significantly different (P , 0.05). Error bars indicate standard deviation. 
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number of seminiferous tubules lack germ cells ( Fig. 10 ; P , 0.05). This phenotype is similar to the human disorder SCOS.
DISCUSSION
We have previously shown that Nupr1 is required for Lhb expression in LbT2 cells, an in vitro model of a developing (e16.5-e17.5) gonadotroph [8] . Here, we have extended the study to identify the role of Nupr1 on gonadotrophs in vivo. Nupr1 is expressed in developing gonadotrophs, where it colocalizes with LHB (see Fig. 1 ). Consistent with results obtained in the cellular model of a developing gonadotroph, loss of Nupr1 leads to delayed expression of LHB at e16.5 and reduced expression at e17.5 (see Fig. 3 ). Factors that are indicative of pituitary development, CGA, GATA2, and TSH, are not differentially expressed in Nupr1 þ/þ and Nupr1 -/-embryos (see Fig. 4 ). Therefore, we do not believe that the delay in LHB initiation in Nupr1 -/-embryos is the result of delayed pituitary development. This hypothesis is supported by the observation that the initiation of FSHB expression is unaffected in Nupr1 -/-embryos (see Fig. 5 ). Rather than impacting overall pituitary development or global gonadotropin expression, the effect of NUPR1 in the developing anterior pituitary appears specific to LHB. Accordingly, the peak in NUPR1 expression in the gonadotroph coincides with the initiation of LHB expression (see Figs.  2 and 3) . Following the initiation of LHB, NUPR1 levels in the gonadotroph wane until p2, when NUPR1 is undetectable. Nupr1 mRNA [8] and NUPR1 protein (data not shown) remain undetectable in the anterior pituitary in adulthood. In the absence of Nupr1, LHB expression in the developing gonadotroph is delayed but recovers to Nupr1 þ/þ levels by p2. In addition, LHB expression in Nupr1 þ/þ and Nupr1 -/-mice remains equivalent from 2 through 8 mo of age (see Figs. 6a and 7a). Thus, while NUPR1 is important for proper initiation of LHB in the developing gonadotroph, its role in LHB expression appears to be stage specific. NUPR1 expression in the developing pituitary gland does not appear to be specific to gonadotrophs. Here, we extended our study of NUPR1 expression in the pituitary beyond our previous endpoint of e18.5 [8] and found that by p2, NUPR1 is expressed in high levels in the developing intermediate lobe (see Fig. 2 ). The intermediate lobe is the site of presumptive melanotrophs [28] . These cells cleave the precursor peptide proopiomelanocortin (POMC) into a variety of small peptide hormones, the melanocortins [26] . The major melanocortin produced by melanotrophs is a-melanocyte-stimulating hormone (aMSH). aMSH binds the melanocortin-1 receptor on melanocytes in the epidermis, encouraging the production of melanin, a major component of skin pigmentation [29] . In addition to promoting pigmentation, aMSH appears to have marked anti-inflammatory properties [29, 30] . The identification of NUPR1 in melanotrophs is novel, and the significance of NUPR1 in the development and function of these cells is unclear. At p2, loss of Nupr1 does not appear to impact POMC or aMSH expression (see Supplemental Figure S1 ). However, in the future, the Nupr1 -/-mouse model will serve as an important tool for more thoroughly dissecting the role of NUPR1 in melanotroph development and melanocortin production.
Nupr1 -/-mice are fertile (see Supplemental Table S1 ). However, Nupr1 is expressed at high levels in Nupr1 þ/þ ovaries and testes (see Fig. 8 ), and loss of Nupr1 results in abnormalities in these tissues. In the ovaries, loss of Nupr1 leads to delayed sexual maturation (see Fig. 9 ). At 8 wk of age, the ovaries of all Nupr1 þ/þ animals are mature, as defined by the presence of CL. However, no Nupr1 -/-ovaries contain CL at 8 wk. As with LHB in the gonadotroph, ovarian maturity is delayed but recoverable in Nupr1 -/-females. Sexual maturity is recovered in Nupr1 -/-females by 11 wk of age, and ovaries of 11-wk through 10-mo Nupr1 þ/þ and Nupr1 -/-littermates contain similar numbers of CL (see Supplemental Figure S2 ). While NUPR1 is important for initiation of LHB expression during embryonic development, gonadotropin levels are not altered in female Nupr1 -/-mice after birth (see Fig. 6 ). Therefore, we do not believe that the delay in ovarian maturation results from altered gonadotropin levels. The delay in sexual maturation may instead result from an ovulatory defect, as 8-10-wk Nupr1 -/-females contain all stages of follicle development and similar numbers of tertiary follicles as Nupr1 þ/þ littermates (see Supplemental Figure S2 ) but lack CL. Determining the role of NUPR1 in ovarian cellular function, hormone production, and the process of ovulation will be critical to understanding how loss of NUPR1 delays ovarian maturation. 
LOSS OF NUPR1 LEADS TO REPRODUCTIVE ABNORMALITIES
Loss of NUPR1 also impacts male reproductive tissue. Between 8 and 10 mo of age, male Nupr1 -/-mice develop a SCOS-like phenotype (see Fig. 10 ). Appearance of the SCOSlike phenotype at 10 mo is accompanied by increased pituitary LH and FSH content (see Fig. 7 ). SCOS is a human condition characterized by a decrease in germ cells or azoospermia and often results in subfertility or infertility [31] [32] [33] [34] . This syndrome is often accompanied by high levels of FSH but not LH due to decreased negative feedback by inhibin B on the pituitary [35, 36] .
Identifying the testicular cell types that express Nupr1 will be critical to understanding how loss of Nupr1 leads to the development of SCOS. To determine which testicular cell types express Nupr1, we referred to microarray analyses performed by Griswold and colleagues [37] , a database available at http:// www.wsu.edu/;griswold/microarray. These microarrays identified factors enriched in and specific to peritubular myoid, Leydig, Sertoli, Type A spermatogonia, Type B spermatogonia, and round cells. Of these testicular cell types, Nupr1 was found only in myoid cells and was deemed to be a ''myoid-specific'' transcript. A layer of peritubular myoid cells forms the outer wall of each seminiferous tubule [38, 39] . These cells are similar to smooth muscle, and their contractile activities aid in moving sperm and testicular fluid through the seminiferous tubules. Peritubular myoid cells also act with Sertoli cells to produce factors required for formation of the basement membrane. The role of peritubular myoid cells appears to exceed maintenance of testicular architecture [38, 39] . These cells also secrete the factor PModS (peritubular factor that modulates Sertoli cell function), which plays an important role in controlling Sertoli cell function. Since Sertoli cells are required to support the maturation of germ cells, myoid production of PModS may indirectly influence spermatogenesis [38, 39] . The role of NUPR1 in peritubular myoid cell development, contractile function, and PModS production has yet to be assessed but may be critical to understanding how the loss of NUPR1 leads to the development of a SCOS-like phenotype.
These data provide evidence of a number of reproductive roles previously unassociated with NUPR1. We have shown that NUPR1 is necessary for normal initiation of LHB expression and ovarian maturation. Later in life, NUPR1 is required to maintain normal quantities of sperm in the testis. In the future, the Nupr1 -/-mouse model will serve as a valuable tool to dissect the mechanisms through which NUPR1 promotes normal gonadotroph, ovary, and testis function.
